An efficient asymmetric synthesis of a selective estrogen receptor modulator (SERM) that has a dihydrobenzoxathiin core structure bearing two stereogenic centers is reported. The stereogenic centers were established by an unprecedented chiral sulfoxide-directed stereospecific reduction of an ␣,␤-unsaturated sulfoxide to the saturated sulfide in one step. Studies to elucidate the mechanism for this reduction are reported. Highly efficient Cu(I)-mediated ether formation was used to install the ether side chain, and selective debenzylation conditions were developed to remove the benzyl protecting groups on the phenols. E strogen receptors (ERs) are members of the steroid hormone nuclear receptor superfamily. They are ligand-dependent transcription factors that bind to specific DNA sequences and regulate gene expression. There are two known members of the estrogen receptor family, ER␣ and ER␤, encoded by distinct genes. ER modulators are potentially useful agents for treatment or prevention of a variety of conditions related to estrogen functions, including bone loss, cartilage degeneration, endometriosis, uterine fibroid disease, hot flashes, increased levels of low-density lipoprotein cholesterol, cardiovascular disease, obesity, incontinence, and cancer (refs. 1-4 and references cited in ref. 4). SERMs are ER ligands that act like estrogens in some tissues, but block estrogen action in others. Thus, SERMs may exhibit an agonistic or antagonistic activity, depending on the context in which their activity is examined. Fig. 1 ) is a potent ER␣ SERM being evaluated as part of the selective ER antagonist program at Merck (1-4). Although there are several methods for the synthesis of the core cis-2,3-disubstituted-dihydrobenzoxathiin, the asymmetric synthesis of these compounds has not been reported (1-7). Herein, we report an enantioselective synthesis of 1.
E
strogen receptors (ERs) are members of the steroid hormone nuclear receptor superfamily. They are ligand-dependent transcription factors that bind to specific DNA sequences and regulate gene expression. There are two known members of the estrogen receptor family, ER␣ and ER␤, encoded by distinct genes. ER modulators are potentially useful agents for treatment or prevention of a variety of conditions related to estrogen functions, including bone loss, cartilage degeneration, endometriosis, uterine fibroid disease, hot flashes, increased levels of low-density lipoprotein cholesterol, cardiovascular disease, obesity, incontinence, and cancer (refs. 1-4 and references cited in ref. 4) . SERMs are ER ligands that act like estrogens in some tissues, but block estrogen action in others. Thus, SERMs may exhibit an agonistic or antagonistic activity, depending on the context in which their activity is examined. (2S,3R)-(ϩ)-3-(3-hydroxyphenyl)-2-[4-(2-pyrrolidin-1-ylethoxy)phenyl]-2,3-dihydro-1,4-benzoxathiin-6-ol hydrochloride (1 in Fig. 1 ) is a potent ER␣ SERM being evaluated as part of the selective ER antagonist program at Merck (1) (2) (3) (4) . Although there are several methods for the synthesis of the core cis-2,3-disubstituted-dihydrobenzoxathiin, the asymmetric synthesis of these compounds has not been reported (1) (2) (3) (4) (5) (6) (7) . Herein, we report an enantioselective synthesis of 1.
Experimental Procedures
General. Chemicals were used as received from commercial sources unless otherwise noted. NMR data were collected on Bruker Avance NMR spectrometers. Chemical shifts are reported in ppm downfield from tetramethylsilane. HPLC purity data are reported as area percentage of the desired peak from the total peaks. HPLC conditions are listed in supporting information, which is published on the PNAS web site. High-resolution mass spectrometer (HRMS) data were collected on a Micromass API US Ultima quadrupole time-of-flight (QTOF) mass spectrometer.
Vinyl Sulfide 6.
A 100-liter round-bottom flask was charged with ketone 7 (8.01 kg, 12.2 mol) and 48 liters of acetonitrile followed by phenylphosphonic dichloride (2.50 kg, 12.9 mol). The flask was fitted with a reflux condenser with off-gases vented through a caustic scrubber, and the reaction mixture was heated to reflux (75°C). After about 2 h, HPLC assay showed Ͼ99% conversion. The reaction mixture was concentrated under reduced pressure at 20-50°C to 28 liters. Diisopropylethylamine (786 g, 6.08 mol) was added, followed by 28 liters of denatured ethanol (denatured with 0.5% toluene). The solution was heated to near reflux, resulting in a homogeneous solution. The reaction mixture was then cooled with ice, rapidly stirred, and seeded at 60°C. After the batch was cooled quickly to Ϸ10°C, the solid product was collected by filtration and the cake was washed with 5 liters of 50% ethanol in acetonitrile mixture (twice, 5 liters each). The cake was dried at room temperature under reduced pressure with a N 2 sweep for 2 days. Compound 6 (7.0 kg, 90% yield) was obtained as a white solid. HPLC indicated the solid to be Ͼ99% pure. mp 99-100°C; (87%, 2.01 kg, 11.5 mol) was added over 5 min. After aging for 10 min, 60 g of (S)-15 was added as seed. The mixture was aged for 15 min to ensure seedbed formation. The remaining cumene hydroperoxide, from the 2.01 kg total, was added through an addition funnel over 1 h. The slurry was held at 24-27°C for 1 h, then allowed to cool to ambient temperature and age overnight. HPLC assay of the slurry showed 95.0 area % of sulfur as sulfoxide 15 [92.5% enantiomeric excess (ee)], 1.1 area % of the sulfone, and 3.9 area % of the sulfide starting material. The solid was isolated by filtration and the cake was washed with 8 liters of THF and 10 liters of toluene. The solid was dried on the filter under nitrogen overnight, giving (S)-15 as a yellow solid (5.28 kg, 86% yield). HPLC indicated 95.4% purity and 99.8% ee. mp 218-220°C. 1 Iododihydrobenzoxathiin 5. A 100-liter cylindrical vessel equipped with an internal cooling coil was charged with 50 liters of toluene and vinyl sulfoxide (S)-15 (5.00 kg, 7.62 mol). The slurry was cooled to 5°C. BH 3 ⅐THF (1 M, 9.2 mol) was then added over 40 min. After aging 30 min at 5°C, the batch was gradually warmed to 10°C. The reaction was aged until complete dissolution, indicating completion of reaction. HPLC indicated Ͼ99.5% conversion. The resulting solution was warmed to 20°C and quenched by adding of 20 liters of 2 M HCl (Caution: During the quench, evolution of presumably hydrogen gas and a small exothermia were noted). The aqueous layer was separated and the organic layer was washed with 20 liters of 2 M HCl, then 20 liters of water. The organic layer was filtered through a 5-m inline filter and concentrated under reduced pressure at 40-50°C and 28-29 mmHg (1 mmHg ϭ 133 Pa). The final batch volume was Ϸ15 liters and the KF was 204 g͞ml. n-Heptane (3.7 liters) was added at 40°C and the solution was allowed to cool to 25°C before being seeded with 5 g of 5. The resulting mixture was aged overnight to ensure seedbed formation. The remaining 26.2 liters of n-heptane was added by addition funnel over 1.5 h at 20°C. After aging for 1 h, the solid was isolated by filtration and the cake was washed with 8 liters of n-heptane͞toluene (4͞1) and then twice with 8 liters of n-heptane. The solid was dried on the pressure filter under nitrogen, giving 5 as an off-white solid (4.31 kg, 88% yield). HPLC indicated 99.8% purity and 99.9% ee. mp 99-100°C, 1 
Dibenzyl-1.
A 100-liter flask equipped with a heating mantle, a thermocouple, and a Dean-Stark trap attached to a reflux condenser was charged with xylene (36 liters) followed by iododihydrobenzoxathiin 5 (4.0 kg, 6.23 mol). To the clear solution was then added CuI (118.07 g, 0.62 mol, 10 mol %), 2,2Ј-dipyridyl (117.14 g, 0.75 mol, 12 mol %), potassium carbonate (2.58 kg, 18.69 mol), and 1-(2-hydroxyethyl)pyrrolidine (2.19 liters, 18.69 mol). Diglyme (4 liters) was used to rinse down the side of the vessel. The heterogeneous reaction mixture was degassed by three vacuum͞nitrogen purges and aged at 140°C for 12 h. The mixture was cooled to room temperature and filtered through a pad of Celite. The Celite cake was washed with toluene (twice, 5 liters each). The yellow filtrate was transferred to a 100-liter extractor and washed with water (three times, 20 liters each). The organic layer was concentrated to Ϸ8 liters total volume and then heated to 80°C. 2-BuOH (64 liters) was slowly added while keeping the batch temperature above 60°C. After the addition, the mixture was further cooled to 55°C and seeded. The slurry was cooled slowly to room temperature over 4-5 h and then to 0-5°C. The mixture was aged at 0-5°C for 1 h and filtered. The product was washed with cold 2-BuOH (8 liters). The cake was dried under reduced pressure at 50°C to give 3.6 kg of product as an off-white solid (92% yield). HPLC indicated Ͼ99% purity and Ͼ99% ee. 1 Hydrochloride Salt of 1. A 100-liter flask was charged with dibenzyl-1 (3.0 kg, 4.76 mol), N-methylimidazole (760 ml, 9.5 mol), thiourea (908 g, 11.9 mol), and acetonitrile (30 liters). The slurry was degassed by three vacuum͞nitrogen purges and stirred under a nitrogen atmosphere. The slurry was cooled to 5°C and iodotrimethylsilane (4.77 liters, 33 mol) was charged through an addition funnel over 30 min. The reaction mixture became a clear orange solution, and it was warmed to room temperature and the flask was wrapped with aluminum foil to avoid exposing the reaction mixture to light (light promotes side reactions). The reaction mixture was aged at room temperature overnight (10-14 h), at which time the reaction completed. The solution was cooled to 10°C and water (3 liters) was added slowly to quench the reaction. The addition took about 30 min and the temperature was controlled below 15°C during the addition. The contents were transferred to a 200-liter vessel and saturated NaHCO 3 (30 liters) was added (CO 2 evolution) followed by the addition of EtOAc (45 liters). The organic layer was washed with saturated NaHCO 3 (three times, 15 liters each). White solid residue formed during the washes and was kept with the organic layer. This mixture was filtered and the organic filtrate was washed again twice with 15 liters of saturated NaHCO 3 . The final organic extract was concentrated under reduced pressure at 30-35°C and the solvent was switched from EtOAc to EtOH to a volume of Ϸ40 liters. To this solution was added very slowly 900 ml of concentrated HCl. After 130 ml of the HCl was added, the addition was stopped to allow for the seedbed to form. After stirring for 1 h, the rest of the concentrated HCl was added over 1 h. The slurry was aged for 4 h and filtered and the cake was washed with EtOH (4 liters). The solid was dried under reduced pressure at 40°C. The product was obtained as an EtOH solvate. The yield was 2.15 kg (85%). Recrystallization: 1.85 kg (3.48 mol) of the isolated salt was dissolved in MeOH (18 liters) and acetonitrile (18 liters 
Results and Discussion
The key structural feature of 1 is the cis-2,3-diaryldihydrobenzoxathiin bearing two stereogenic centers. There are three phenolic groups in the molecule, one of which is alkylated with a 2-pyrrolidinylethyl group. The initial synthetic route developed by the Medicinal Chemistry group at Merck, outlined in Scheme 1, in which TIPS is triisopropylsilyl (1, 4) , involves the recently discovered highly stereoselective dehydrative reduction of the keto sulfide 2 with CF 3 COOH (TFA)͞Et 3 SiH to give the cisdiastereomer 3 exclusively and in good yield. Because of the propensity for 2 to racemize, this procedure is useful only for generating racemic material. Chiral stationary HPLC was used to isolate the desired enantiomer of 3, which was then reacted with pyrrolidinylethanol under pH neutral Mitsunobu conditions to give 4. The neutral Mitsunobu conditions were necessary because of the chemical instability of the unprotected phenolic dihydrobenzoxathiin toward base. For instance, in the presence of carbonate or hydroxide, the dihydrobenzoxathiin ring system tends to open up leading to ring-opened byproducts and, more detrimentally, the formation of trans-dihydrobenzoxathiin impurities after ring reclosure.
For the purpose of producing large quantities of compound 1, we envisioned an efficient synthesis that would include: (i) an asymmetric synthesis of the core dihydrobenzoxathiin ring; (ii) alternative chemistry for the installation of the pyrrolidinylethoxy side chain that avoids the less atom-economical Mitsunobu reaction; (iii) alternative protecting groups for the phenols to provide crystalline intermediates to avoid chromatographic purifications. A retrosynthetic analysis is outlined in Scheme 2. The benzyl (Bn) protecting group for the phenols was selected because of its chemical stability and its well precedented tendency to form crystalline compounds. For the installation of the pyrrolidinylethoxy side chain, the Ullmann ether formation conditions recently reported by Buchwald and coworkers (36) were determined to be an efficient alternative to the Mitsunobu reaction. This approach requires that we make the appropriate aryl iodide and couple it with pyrrolidinylethanol. Several strategies to introduce the two stereogenic centers were pursued; however, the sequence outlined in Scheme 2 proved to be the most straightforward. In this sequence, the key transformation is the asymmetric cis-reduction of the carbon-carbon double bond in benzoxathiin 6, which proved to be a challenging task as expected.
Preparation of Benzoxathiin 6. Preparation of this key intermediate follows the sequence outlined in Scheme 3, in which D-DIPT is
D-diisopropyl tartrate. Thiol phenol carbonate 8 was prepared from 1,4-benzoquinone and thiourea in the presence of strong acids under known conditions (8) . Benzylation of phenol 8 under standard conditions proved problematic because of the air sensitivity of the compound in basic solutions. Conducting the reaction and isolation under a nitrogen atmosphere was the key to obtaining 9 in good yield (84%). Hydrolysis of thioester 9 generated the free thiol 10, which was used, without isolation, in the displacement of the bromide. Bromoketone 14 preparation started with the addition of benzylmagnesium chloride 12 to iodo Weinreb amide 11 (9) , producing iodoketone 13 in 80% yield. Selective bromination of 13 to give bromoiodoketone 14 was accomplished with phenyltrimethylammonium tribromide in 1,2-dimethoxyethane in quantitative yield. Other brominating agents or solvents were found to be inferior. Without isolation, 14 was reacted with benzyloxythiophenol 10 to give ketosulfide 7 in 88% isolated yield. Earlier attempts to effect the dehydrative cyclization of 7 in toluene with toluenesulfonic acid and azeotropic removal of water did not give a clean reaction (10, 11) . A variety of conditions were screened, and phenylphosphonic dichloride was found to be the most effective. Under optimized conditions, the reaction was carried out in acetonitrile with phenylphosphonic dichloride and, after ethanol quench, the desired product 6 was directly crystallized from the reaction mixture in 90% yield. . This low reactivity is most likely due to the steric hindrance and electrondonating groups around the double bond. To overcome this problem, we reasoned that oxidation of the sulfide to the chiral sulfoxide would activate the olefin toward reduction and possibly direct the chiral reduction by chelation of the sulfoxide to the reducing agent. We were aware of only one report on a diastereoselective reduction of vinyl sulfoxide under hydrogenation conditions to give the saturated sulfoxide with an adjacent chiral center (17) . To test this hypothesis, the commercially available vinyl sulfide 16 was converted to sulfoxide 17 with sodium periodate, and reaction conditions for the stereoselective reduction of the double bond were screened (Scheme 4). Under typical Pd-or Pt-catalyzed hydrogenation conditions, the sulfoxide oxygen was reduced, resulting in the formation of vinyl sulfide 16. A variety of hydride reducing agents were evaluated, and it was discovered that Et 3 SiH͞CF 3 COOH led to the complete reduction of both the olefin and the sulfoxide. However, triethylsilane was found to reduce vinyl sulfide 16 under the same conditions, so it was unclear whether the sulfoxide was reduced first or second. Treating vinyl sulfoxide 17 with borane, we observed a mixture of the desired doubly reduced product 18 and vinyl sulfide 16 in a 1͞1 ratio. Borane alone did not react with the vinyl sulfide, thus suggesting that the sulfoxide was activating the olefin toward reduction and possibly directing the reduction. With these encouraging results, we prepared the racemic sulfoxide 15 (Scheme 3) from vinyl sulfide 6 and separated the two enantiomers (96% ee) by chiral stationary-phase HPLC. We were delighted to find that the reduction with borane gave the desired doubly reduced product 5 cleanly and in a highly stereospecific manner, i.e., giving the cis product with the same ee as the starting sulfoxide. With these results in hand, we set out to prepare chiral sulfoxide 15 from vinyl sulfide 6. Chiral Sulfoxidation and Reduction. The most practical process to make chiral sulfoxides from sulfides is the Kagan oxidation catalyzed by titanium(IV) isopropoxide and chiral diol ligands. A survey of the literature indicated that reaction conditions have to be carefully optimized for each substrate (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Our preliminary screening of ligands under the original Kagan conditions (20, 21) revealed that diisopropyl tartrate gave an ee of 38% and diethyl tartrate gave slightly lower ee. Other literature conditions using 1,1Ј-bi-2-naphthol (BINOL), hydrobenzoin, (R,R)-2,2-dimethyl-␣,␣,␣Ј,␣Ј-tetraphenyl-1,3-dioxolane-4Ј,5Ј-dimethanol (TADDOL), and N,N-dibenzyl tartramide gave very low ee (3-12%). The diisopropyl tartratecatalyzed reaction was chosen for further optimization. Consistent with previous reports, addition of diisopropylethylamine to the reaction mixture dramatically improved the ee (22) (23) (24) . The reaction could be conducted in a variety of solvents, including THF, ethyl acetate, and chlorobenzene, with only small differences in the ee. Using THF as the reaction solvent led to slightly better ee and also facilitated the isolation of product. The reaction temperature had negligible effect on the ee within the tested range of 0-30°C. The order of addition of the reagents was found to be critically important. The optimal sequence for adding the reagents was to mix diisopropyl tartrate, diisopropylethylamine, and water in THF first, followed by the addition of titanium isopropoxide. This mixture was aged at ambient temperature overnight and the vinyl sulfide substrate was subsequently added, followed by cumene hydroperoxide. The extended overnight aging of the catalyst mixture was found to improve the reproducibility of the high ee. The catalyst loading was ultimately reduced to 15 mol % without compromising the ee or reproducibility. When the reaction was carried out under optimized conditions in THF, vinyl sulfoxide (S)-15 precipitated out during the course of the reaction. At the end of reaction, HPLC assay of the crude reaction slurry typically showed 95% sulfoxide with 92% ee. Upon filtration, solid 15 was isolated in 86% yield with a typical 95% purity and 99% ee, which was a significant upgrade from the crude reaction mixture. This remarkably efficient direct isolation also avoids the tedious separation of titanium oxide typically associated with an aqueous work-up.
Reduction of sulfoxide (S)-15 was carried out in toluene with 1.05 eq of 1 M BH 3 ⅐THF at 10°C, producing the cis-biaryldihydrobenzoxathiin 5 with complete stereoselectivity. Upon work-up and isolation, the desired product 5 was obtained in 88% yield and 99% ee. Although the sulfoxide-directed reduction of unsaturated sulfoxide to the saturated sulfoxide with borane is known, as is the sulfoxide reduction to sulfide by chloroborane, the simultaneous reduction of both functional groups by borane is unprecedented in the literature (31, 32) . Attempts to extend this novel reduction to other hydride reducing reagents have given poor results. Reduction of (S)-15 with triethylsilane in the presence of trifluoroacetic acid also gave the cis-biaryl-dihydrobenzoxathiin product 5, but only in 20% ee with the same enantiomer being enriched. Diisobutylaluminum hydride and lithium triethylborohydride gave alternate products.
Mechanism of the Borane Reduction. The borane reduction sets the two stereogenic centers effectively in one step. The absolute configuration of the sulfoxide (S)-15 and the reduced product 5 were unambiguously determined with single-crystal x-ray crystallography. The oxygen on the sulfoxide and the two hydrogens are on the same side of the ring, indicating the directing effect of the sulfoxide. When the reduction was carried out by using BD 3 and the reaction was quenched with acetic acid, nearly complete deuterium incorporation was observed at both positions (product 5-d 2 ). Furthermore, when BH 3 was used as the reducing agent and CD 3 COOD as the quenching acid, no deuterium incorporation was observed. These experiments clearly show that both of the hydrogens originated from the BH 3 used and none was introduced during the acidic work-up, which is very different from a typical olefin hydroboration (33) . An analogous reaction between an allyl Grignard reagent and a vinyl sulfoxide has been reported (34, 35) . Further investigation of this reaction sequence also indicated that both the sulfoxide and the olefin are required for this reduction to proceed because neither the saturated sulfoxide 19 nor the vinyl sulfide 6 reacted with BH 3 ⅐THF under the same conditions.
Additional experimental results showed that the sulfoxide directly controls the formation of both stereogenic centers. Thus, as shown in Scheme 5, when the ␤-phenyl-substituted sulfoxide 21 was reduced with borane, the ee of the product 22 again corresponded to the starting sulfoxide. In addition, the same high stereoselectivity was observed for the conversion from ␣-phenyl-substituted sulfoxide 24 to the sulfide 25. These observations rule out the possibility that the ␣ stereogenic center is controlled by the steric bias created by the ␤ stereogenic center.
Based on the evidence gathered, a possible mechanism for the borane reduction is proposed as shown in Scheme 6. In this mechanism, the borane reduction proceeds by means of boranesulfoxide chelation-controlled intramolecular delivery of the first hydrogen to the ␤ carbon followed by another intramolecular delivery of the second hydrogen to the ␣ carbon with concomitant cleavage of the sulfur-oxygen bond. The details of the second step are not clear. An attempt to detect any significant intermediate by low-temperature NMR was unsuccessful; only the starting material and product were observed. By using NMR to quantify the concentration of substrates and product over time, the kinetics of the reaction was also investigated. The kinetic data were consistent with an overall second-order reaction with first order in both borane and the sulfoxide. This kinetic behavior strongly supports the mechanism in which only one molecule of borane is involved for the reduction of each molecule of substrate. Application of this reduction to other substrates will be the subject of another publication.
Side-Chain Introduction by Means of Ullmann Ether Formation. Under
Buchwald's Cu-catalyzed conditions with Cs 2 CO 3 , CuI, and 1,10-phenanthroline at 110°C in toluene for the Ullmann ether formation, the coupling reaction between pyrrolidinylethanol and aryl iodide 5 was very slow, giving only 5-10% conversion after 2 days (36). When the reaction was carried out in a sealed tube at 140°C, the reaction was complete within 10 h, giving an assay yield of 85%. However, two major impurities, 26 and 27, were formed over the course of the reaction in 2-10% and 3-4%, respectively.
Seeking to minimize the formation of these impurities, we screened alternative bases, including Li 2 CO 3 , Na 2 CO 3 , and K 2 CO 3 . Our results indicated K 2 CO 3 was the preferred base for this reaction because it prevented the formation of the impurities without slowing the reaction. Azeotropic removal of water as it was formed during the reaction was found to help maintain a consistent reaction rate. As reaction solvent, xylene was found to give fast, clean reaction, and avoided the need to use an autoclave. However, coating of solids was observed on the walls of the reaction vessel, leading to incomplete reaction. Although diglyme as the solvent resulted in a sluggish and messy reaction, using 10% diglyme in xylene eliminated the solid coating problem while maintaining a good reaction profile. Several ligands, including 2,2Ј-dipyridyl, tetramethylethylenediamine (TMEDA), and 1-(2-dimethylaminoethyl)-4-methylpiperazine, were tested, and 2,2Ј-dipyridyl was found to be the best. Thus, the optimized protocol uses 10 mol % CuI, 12 mol % 2,2Ј-dipyridyl, in 10 vol of xylene͞diglyme (9:1) at 140°C with azeotropic removal of the water formed. The reaction is complete in Յ10 h, typically giving 96% assay yield and 92% isolated yield.
Debenzylation. Generally, the Pd-catalyzed hydrogenolysis of a benzyl group attached to a phenolic oxygen is a facile reaction (37) . It was soon found that the hydrogenolysis of dibenzyl-1 with a variety of heterogeneous Pd catalysts and conditions was sluggish, requiring very high Pd loading. Even after extensive optimization, 20% Pd(OH) 2 ͞C catalyst was found to be the most active catalyst, but 12% by weight of Pd relative to substrate was still required. Catalyst poisoning from thiol side-products was the probable cause for this reaction to be sluggish. Incomplete hydrogenolysis also produced two monobenzyl compounds that were very difficult to remove, and hydrogenolysis under more forcing conditions resulted in lower yields.
Alternative debenzylation conditions were required, so TMSI, AlCl 3 , and various boron halides were examined. The TMSI reaction was found to be the most effective and provided the highest yield. However, benzyl iodide, formed in the TMSI reaction, reacted with the desired product 1 to form one N-benzylated and three aryl ring-benzylated impurities (1-1.5% each; see supporting information), which were especially difficult to remove. The Nbenzylation reaction became more extensive during the aqueous Na 2 CO 3 work-up, which necessitated the neutralization of the benzyl iodide before the work-up. After examining various benzyl iodide scavengers such as imidazole, N-methylimidazole, 1,4-diazabicyclo[2.2.2]octane (DABCO), KSCN, and thiourea, we found that the presence of thiourea during the reaction eliminated the N-benzylation but had little effect on the ring benzylation. Interestingly, the presence of N-methylimidazole reduced the ringbenzylated impurities by Ͼ50% with little effect on N-benzylation. Also, neither additive interfered with the TMSI-mediated debenzylation reaction. Thus, when the debenzylation was carried out with excess TMSI in the presence of both thiourea and Nmethylimidazole, each of the impurities was formed in Ͻ0.4%. After work-up, the final compound 1 was isolated as the HCl salt, which was recrystallized to pharmaceutically acceptable purity (99.4%) in 81% yield.
In conclusion, we have developed an efficient asymmetric synthesis of a selective estrogen receptor modulator 1. A sulfoxide-directed borane reduction of the ␣,␤-unsaturated sulfoxide to the saturated sulfide was discovered. A possible mechanism was proposed based on available data. The eight-step sequence gave an overall yield of 37%. This synthesis has been scaled up to produce multikilograms of 1 as the HCl salt suitable for safety assessment and clinical studies. Further work is need to determine the generality of this asymmetric synthesis for other dihydrobenzoxathiin and cyclic sulfur-containing compounds.
